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DEVELOPMENT OF HIGH-TEMPERATURE LIQUID METAL HEAT PIPES FOR ISOTHERMAL IRRADIATION ASSEM3LIES

E. S. Keddy and H. E. Martinez

Los Alamos National Laboratory
Los Alamos, NM 87545

ABSTRACT

This paper describes the development of high-
temperature heat pipes and their operating per-
formance using 1iquid metal working fluids to
provide high heat transfer assemblies for in-pile
testing of UO> fuel. The fuel assemblyv consists
of thin U0, wafers sandwiched between molybdenum
disce, and is one of the components of the space
nuclear reactor electrical power plant currently
under development. The intended operation of the
heat pipes is to control the temperature of the
UO2 irradiation experiment in the Experimenta)
Breeder Reactor (EBR-II). This application in-
volves vertical op:ration in a gravity-assist
mode, with the evaporator end down. Hcat pipe
construction and preparation techniques are de-
scribed. Laboratory tests were made and the per-
formance characteristics determined. Test results
are compared with calculated heat transfer limits.

{NTRODUCTION

Comporients of the space nuclear electrical
power plant dre currently under development at
Los Alamos National Laboratory (1). This power
plant system will have the capability to deliver
10-100 «W, and will be a compact source for
laroe earth orbiting satellites. Part of the
vower plant consists of a nuclear reactor for
generating heat; heat pipes are utilized to trans-
fer the therval energy from the reactor to the
power conversion system. The space powes plant
1s being designed for s seven-year continuous
operation, thereby requiring a high degree of
reliability of all subcomponents. 7To design the
core components to tatisfy these requirements, it
Is nec ssary to conduct in-pile tests of the space
reactor fuel configurationys, Accommodation of
fuel swelling is usually a major area of reactor
fuel element design.

The fuel materia) for the space reactor power
supply will be UOs. There {« a lot of data on
the behavinr of UD; under irradistion for a
variety of temperatures and burnup conditions,
The moderctely low fue! temperature (1600-1700 K)
ana low fuel hurnup (4%) in the space power read-
tor will result in a moderats fuel swelling
(7-8%), which should be readily accommodated.

However, the fuel configuration of the space
reactor, namely leyers of UO2 sandwiched be -
tween molvbdenum wafers that form the major heat
conduction paths to the core heat pipes, is ~0
different from the typical pin geometry that it
was considered necessdry to conduct some 1n-jile
testing of this geometry (2). The in-pile t¢sts
for the space reactor fuel will be conducted in
the EBR-]I because, like the space reactor, 't is
a fast reactor. The neutron fluxes cover a iange
where, with some enrichment changes, a seven-
year-equivalent fuel burnup could be accelerated
down to less than two years,

IN-PILE TEST OF UOp FUEL (3)

The space nuclear electrical power plant fuel
in-pile test is planned for Argonne Nationa)
Laboratory's EBR-11 reactor at ldaho Falls. Two
capsules are tentatively planned to be tested in
row 7 (possibly 6) of the reactor. The exper -
ments are designed to provide data on fuel swel-
Ying at the similar temoerature conditions the
fuel will experience in the space power reactor.
Data will also he obtained on the heat trans-
fer mechanism between fuel, fin and heat Lipe;
fuel migration, 1f 1t occurs; and chemical com-
patability of fuel, fin, and neat pipe materials.

The basic design of the fuel irrediation cap-
sule is shown in Fig, 1. The experimental fue!
is contained in four irsulated beys on the even-
orator end of the heat pipe. The heat pipe w.!l
use 1ithium or sodium as 1ts working "luid ano
neon as a buffer gas. The fuel contaipner is hild
in place on the 15.9-nm-diam heat pipe by the
molybdenum hecat transfer fins., The fins, which
sandwich the fuel wafers, are attached te the
heat pipe in the same manncr as designed for the
space power plant A threaded length of the heat
pipe is planned foy the condenser section of the
heat pipe that threads into & thin-wall niobium
cylinder. This niobium cylinder 1s part of tin
first encapsulation of the fuel container and
heat pipe assembly, A vacuum section surrounds
the fue) container section (evaporator) of the
heat pipe and {s separated from the condenser
secifon by a seal. This allows for a low neon
gas pressure in the condenser region to ensure
heat transfer through the threaded section,



/-rlu TUBE (Typ)

MEAT PIPE

CONDENSER .
SECTION

MPFEDANCE HEX

INNER NIOBIUM
S$MELL

7-'UEL YEST BAY

I:;;r——IIO!INSULATwN

/—\MCUW PLENUM

/—'lll BOND REGION

OUTER SS -
S$4ELL

EXPENIMENT
CONTAINER

Fig. 1. EBR-11 irradiation erperiment capsuie.

Between the inner niobium shell and the outer
316 SS container, a scdium 1) {s utilized to
bond the condense- section and the buffer gas
regirn of the heat pipe to the sodiun coolant of
the tBR-11. T1e sodium f111 alsy permits gcod
therr:al control of the outsice of thke niobium
vacui'n chamber in case of fucl melt, Various
111, >vacuation tubes are located at appropriate
place . {n the assembly. Reactor coolant is foiced
inwar Is to the condenser section by an impedance
hexag n to provide proper coclant for the heat
pipe .ondenser.

P oper operation of the temperatu-e control
featu'e of the ?ns-filled heal pipe that cools
the U0y fuel wafers depends on the {hermal con-
ductance from t.. threaded condenser section to
the ER-11 reactor coolant, C(alibratior testing
of the heat pipe assembly will provide saperi-
mental date points to verify the analytical mode)
developed to Study the heat removal cioebidity of
the condenser section,

DEVELOPMENT OF THE PROTOTYPE IN-PILE HEAT PIPES

The design and fabrication requiremonts im-~
posed on the in-piie heat pipe are similar to
those for the core heat pipes of the space power
plant, There are differences in the operational
characteristics, however. The radial power den-
sity from the fuel into the heat pipe varies from
%est bay to test bay, generally exceadirg the
value of 1.2 MW/m* expecteg in the reactor core,
with a maximum of 2.1 MW/m¢. The required heat
throughput 1s B.3 kW and the operating tempera-
ture has been set at 1500 K.

A specific type of wick structure is required
to achieve the high heat transfer performance of
the in-pile heat pipes that operates in a gravity-
assist mode with an inert buffer gas present for
thermal control. This wick must be designed to
optimize the internal dimensions for the maximum
performance allowed by the heat pipe limits. Of
these 1imits, the liquid entrainment 1imit was
determined to be the ?overning one for the in-pile
test heat nipe assemtly (4). The entrainment
1imit is a result of shear interaction hetween
the counterflowing liquid and t:e vapor stream.
The shear stress exerted by the vapor on the
1iquid prevents the Yiguid from returning to the
evaporator, and ‘he result is a drycct in the
wick in the evaporator.

Fabrication

Two prototype molybdenum heal pipes asse.nlies
were conctructed and tected, one with sodium as
the working fluid and one contained 1ithium,
Molybdenum was selected as the heat pipe material
because of 1ts compatibility with the U0> fuel
and high temperature operation of the fuel-heat
pipe system (1500 K).

Both heat pipe assemblies were constructed in
the same manner (Fig. 2). The heat pipes are
432 mm in length, with an outside diameter of
15.9 mm. A two-layered screen wick structure,
one layer of fine mesh screen and the other of
cnarse mesh, was test-d (Fig. 3). The fine screen
layer (150 mesh molybdcnum) mesh was placed
against the inner wall of the heat pine; it is
used for fluid distribution. The coarse mesh
screen, also mo)ybaenun, was placed over the first
layer so that it was next tn the vapor passage.
This layer acts as a protective cover for the
qravity return of the condensate, thereby mini-
mizing the entrainment of the returning fluid.
Curves calculated by Prenger(5) giving thr
entrainment 1imi*s for various mesh sizes are
shown in Fig. 4. Although the B mesh screen shows
the best exnectsd parformance, its wire ciameter
(0.8 mm) made fabrication of a wick structure
extremely difficult. No satisfactory or accept-
ahle wick structures were fabricated with the 8
mesh. The 20 mesh screer, with 0,30 »m diameter
wire wa> used to fabricate the prototypical heat
pipes. This matertal was dermed to 11ve the best
compromise between ease of fabricability and per-
fcrmance safety margin above the required 8.3 kW
throughput.
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Fig. 2. EBR-1] prototype heat pipe assembly.
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Fig. 3. EBR-1] heat pipe screen tube assembly. 4 -

The heat pipe materials were clesned by full “t B
immersion in either sodium or lithium and baked 8 I
cvernight at Y100 X, followed by a rirse in e 1
ethanol, This procedure was followed by a2 high- L
vatuum firing to 1700 K for 2 h. The end ceps ol o Lo )
were electron-beam-welded in place, and each pipe 00 lhee  12oc  MoC w90 BT
was then charged with & working fluid by vacuum MEAT PIPE OPERATING TEMPLRATUNI Y
distillation.

Fig. 4, Entrainment V1imits for EBR-11 heat pipr.
A schematic diagram of the vacuum distillation

15 shown in Fig. 5. The stainless steel distil-

lation chamber contains mult{-wrapped 100 mesh The total ope-ation of transferring the work-
stainlesy steel screen in the inside wall to pro- ing fluid from the still chamber to the heat pipe
vide more surface area for evaporation and prevent 1s as follows:

sluaging of the licuid to the top of the con-

tainer. This distillation chamber s heated by ® A vacuum is pumped in the tota) system
rf tnduction. A sct-volume chamber is attached while the liquid metal pool is hested
to the distillation chamber with a stainless stee) and degassed. Yhe temperature is in-
tubz that extends through the 1ithium or sodium creased, and once distillation starts,
pool. The transfer tube and chamber are sized to the valve to the vacuym pump fs closed.
furnish @ volume of fluid sufficient to fil) the Distillation is complete when the vnlume
wick structure plus form a 70-mm-long pool. A from the chilled heat sink to the top of
secondary stainless stec| transfer tube leads the transfer tube s filled with the
from the bottom of the set-vulume chamber to the distillate.

heat pipe. The chilled heat sink s placed

on the tubing just below the chamber to act as a o The distillation chamber is cooled tn
valve to prevent the liquid metal frum draining approximately 100 degrees shove the

out of the chamber during distillation. melting point of the sodium or lithium,
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Fig. 5. Vacuum distillation set-up.

o The heat sink is removed and the heat
pipe, 6.35-mm-diameter transfer lines,
and the set-volume chamber are heated
above the melting point of the working
fluic, allowing the liguid to drain by
gravity head into the heat pipe.

o Trhe total system is backfilled with
argon and tne distillation system is
removed and replaced by a valve.

e Tne heat pipe assembly iy then attached
to a vacuum pumpout station, and the
argon gas is removed. The valve is
closed, and the prototype heat pipes are
reacy for wet-in and subsequent testing.

JESTING OF PROTOTYPE EBR-11 MOLYBDENUM HIAT PIPES

To make performanct measuremrats of these
heat pipes, 1t was necessary to construct a cal-
orimeter facility. This facility provides an
irert gas environment for the hest pipe and a
variable-conductance gas gap in the heat rejection
section, while holding a relatively low thermal-
leakage path in the evaporator section of the
heat pipe. To accomplish this, s dus) gas flow
calorimeter system, as shown in Fig. 6, was con-
structed, The figure shows a water-cooled gas-
gap-calorimeter partly enclosed in a quartz en-
velope. The calorimeter {s centered by an alumina
insulator support, which includes & vent for the
tnert gas. The heat pipe's position can be
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Fig. 6. EBR-1] prototype heat pipe test
configuration.

changed to vary the lengths of the evaporator
and/or ccndenser sections. Heat is supplied by
an rf induction coil. The heat-input section of
the system contains slowly flowing argon, which
is introduced at the bottom of the quartz enve-
lope. The argon exits through the insulator sup-
port. This arrangement tends to minimize the
thermal loss tn the quartz tube surrounding tne
evaporator,

Heat rejection to the calor imeter in the con-
denser section of the heat pipe is controlled by
adjusting the ratio of argon to helium in a sepa-
rate inert gas flow system, This gas mixture is
introducec into the gap by a feed line through
the insulator that centers the heat pipes. The
ges fliws slowly through the qap region, and
eventually leaves the system through the same
vent used to complete the argon flow circuit.

A temperature-difference meter and water-flow
meter are used to measure the power Lransmitted
by the heat pipe into the water flowing through
the calorimeter., Heat pipe temperature is meas-
ured by optical pyrometry at Lhe evaporator exit
(that is, the regiun between the induction coil
and calorimeter).

Performance testing of both the sodium and
Tithium-f11led heat pipes has been conducted using
a 100-mm-long rf tnduction (o0l to provide heat
fnput. This coil length simulates the total heat
input rone of the four fuel bays on the EBR-|!
heat pipe assembly. Axial heat transfer measure-
ments were mede at operating temperatures from



71000 to 1425 K, and heat transfer limits were
deteririned for these systems. Data points show-
ing the maximum heat transfer zapability of the
sodium heat pipe system are displayed in Fig. 7.
The results show the sodium heat pipe exceeded
the predicted entrainment cu-ve up to a heat
transfer rate of 7.7 kW at 1300 K. The limit
point obtained at 1380 K indicates a decrease of
performance st this temperature. It is believed
that this reduced performance was caused by damage
to the fine screen caused by testing co the wick
dryout conditions that occur when a 1imit 1s
reached.

The performance test results of the lithium
heat pipe system are shown in Fig. 8. The meas-
ured heat transfer capability of the Vithium heat
pipe also exceeds the predicted curve for entrain-
ment and shows a heat transfer rate of 10 kW at
1425 K. The 100-mm-long rf induction coil ar-
rangement on the 1ithium heat system produced a
radial heat flux average of 2.1 MW/m, Sub-
sequent power density te ts were conducied on the
lithium prototype heat pipe by reducing the length
of the heat input zone until a radial heat-input
flux 1imit was determined. An input power density
of 3.6 Mi/m? at a temperature of 1375 K was
achieved.

CONCLUSIONS

A two-layer wick structure, one iayer of fine
mesh screen for distributien and a coarse layer
of screen for protection of the gravity return
Tlud, has operated sutisfactori?y with sodium
and lithium working fluids. The fabrication and
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Fig. 7. Sodium heat pipe performance.

L T L L L] T T T T T 1 T
EPR I SOLYDOENUM/LITHIUM HEAT PIPE

i

1

ovum ENTRABGIENT LBMIT CALCULATED
© PERFORMANCE LBMIT MEASURED

nmc/ /

11

1

H s 1
= / -
B I nammnt |
-

y B

—"
R O W U U Wkl Y TR SN WY IR S NN M |
900 1000 100 oo 1300 oo 1800

EVAPORATOR INIT TEMPER.TURE (K]

Fig. 8. Lit heat pipe performance.

testin? of molybdenum/1ithium heat pipes to pro-
vide high hedt transfer assemblies for EBR-]I
in-pile testing of UO, fuel has been demon-
strated. Thesc heat pipe assemblies have per-
formed we!l beyond the predicted limits for high
heat iransfer at high temperatures (i.e., 10 kW
at 1425 K), and molybdenum/lithium heat pipes ¢an
witistard high power input densities (3.6 Mw/mc),
almost twice the maximum reguirement for the
[BR-11 fuel tests (2.1 MW/m<).
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